The pointing capability of a telescope in the Cherenkov Telescope Array (CTA) is a crucial aspect in the calibration of the instrument. It describes how a position in the sky is transformed to the focal plane of the telescope and allows precise directional reconstructions of atmospheric particle showers. The favoured approach for pointing calibrations of the Medium Size Telescopes (MST) is the utilisation of an CCD-camera installed in the centre of the dish, which images the night sky and the focal plane simultaneously. The technical implementation of this solution and test results taken over a period of one year at the MST prototype in Berlin/Adlershof are presented. Investigations of pointing calibration precision with simulated data and real data taken during test runs of the prototype telescope will also be shown.
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Introduction
CTA, the next generation ground based gamma-ray telescope, is currently in a pre-construction phase. It will consist of three different sizes of Imaging Atmospheric Cherenkov Telescopes (IACT) to detect Cherenkov light from gamma-ray induced air-showers in a wide energy range. This light is collected by mirror dishes and projected onto specialized Cherenkov cameras. For the reconstruction of the arrival direction of the original gamma-ray photon it is important to know the exact orientation of the telescope with respect to the sky and the alignment of the Cherenkov camera with respect to the telescope's optical axis at the time of its detection. This geometric configuration is also called the pointing of a telescope. The favoured approach for the calibration of the pointing of the MST uses an optical CCD-camera (the SingleCCD) that is mounted in the centre of the mirror dish of the telescope and images the Cherenkov camera and the night sky around it simultaneously. The Single-CCD concept has also been successfully tested by the H.E.S.S. collaboration [1] .
Single-CCD Concept
The pointing calibration is performed in two steps. In the first step, the telescope is pointed at different positions in the night sky during special pointing runs. In these runs, a screen in front of the Cherenkov camera is used to see light spots from bright stars. These spots are captured by the SingleCCD, and their positions on the screen for a given telescope alignment are used for the derivation of a pointing model for the telescope. This technique has been used successfully e.g. by the H.E.S.S. collaboration [2] . The second step is performed during data taking, while the Cherenkov camera is operative. The SingleCCD now images the spots of LEDs installed on the Cherenkov camera housing surrounding the centre of the focal plane and the stars behind the Cherenkov camera. The positions of the LEDs can be used to determine the position of the Cherenkov camera with respect to the optical axis while the positions of the stars can be used to deduce the orientation of the telescope on the sky. With this information the previously derived pointing model can be refined and short term deviations can be corrected. An alternative approach utilizes two separate CCD-cameras: A LidCCD, which images reflected star spots and positioning LEDs on the Cherenkov camera, and a SkyCCD which tracks star positions for pointing corrections during data taking. The downsides of this method are an increased complexity and uncertainties in the stability of the relative orientation between the two cameras. The advantage is a possible increase of precision in the determination of the pointing due to a smaller field of view of the SkyCCD compared to the SingleCCD.
Camera Hardware
For the SingleCCD camera an Apogee ASPEN CG8050 with electronic shutter, chip dimensions 3296 × 2472 pixels, and pixel size 5.5 µm is used. With a 50 mm f/1.8 Nikkor lens, images with a field-of-view of 20.5 × 15.5 deg 2 can be taken. In these images, a pixel diameter corresponds to about 22" in the sky. The CCD chip of the camera can be cooled to a constant temperature via an integrated Peltier element to avoid thermal expansion and to preserve a constant imaging geometry.
The camera data is read out via a standard Ethernet interface. The camera is mounted inside a custom-made casing that shields the electronics and optics from environmental impacts (see Figure 1) . The housing is fully IP67 compliant and connects the SingleCCD rigidly with the telescope dish. It comprises several heat conducting structures that grant a good heat dissipation from the camera to the environment. A heating element is installed to the front of the casing to keep the front window free of ice at low temperatures. Another heating element at the backside of the housing assures that the heat sink temperature stays above the desired CCD temperature as the camera internal electronics do not support chip heating. This is the second version of the casing prototype. It is currently in construction and will replace the currently used version, which has been introduced in [3] , at the prototype telescope.
Precision Studies
The images taken by the SingleCCD are analysed with the software astrometry.net [4] . This calibration software calculates a world coordinate system (WCS) for a given image of the night sky. This information is then used to derive the absolute pointing position of the telescope. One challenge of the SingleCCD approach is that a large area in the pointing images is occupied by the Cherenkov telescope camera and its support structure, in particular the central part of the images, where the pointing direction of the telescope is positioned (see Figure 2 left ). The fact that no stars can be detected in large areas of the images separates this application of astrometry.net from its standard use case. In order to determine the impact of this shadowing effect on the precision of the pointing measurement, a simulation software for SingleCCD images has been developed. In [3] it has been shown that the pointing of simulated images shadowed by a square-shaped Cherenkov camera can be reconstructed to a precision of ∼ 1 arcsecond. The simulation is now used to reproduce images that have been taken in a test run during one night at the prototype telescope with the full camera support structure. Both real images and simulated images are analysed with astrometry.net. For each identified star in an image, the residual angular difference between expected position and calculated WCS position is determined. In Figure 2 right, the distribution of the mean residual is shown both for simulations and for real images. The very good correspondence between simulation and real data indicates that simulation and imaging hardware work as expected and that effects like distortions which are not implemented in the simulation do not affect the calibration of real images. It can be seen that there are two separate classes of solutions. For about 25% of the image calibrations, the residuals become quite large (> 0.5'). These are suspected to originate from local minima that are reached by the WCS fit routine. The larger class of calibrations show mean residuals in the range of a few arcseconds (< 20"). The two classes can also be discriminated via the derived pixel scale of the WCS. This scale specifies the angular correspondence of a pixel diameter in an image. While for the higher precision calibrations, this quantity is close to the correct value, it fluctuates strongly for the lower precision fits. These two classes, which also show up for simulated images, indicate that there are still some possibilities to optimize the image calibration procedure. It is currently under investigation how the WCS fit can be improved further. Moreover, the order of magnitude of the observed mean WCS residuals is equal to that of the residuals of first derived pointing models (cf. Sect. 5) which can be taken as a hint that both originate from the same imprecision in the fit.
Pointing Models
For MSTs the pointing precision needs to be such that any position in the focal plane can be mapped to a sky position with an accuracy of better than 7 (space angle). To stay within this error budget the pointing accuracy of the SingleCCD alone must be better than 7 . Using data recorded at the MST prototype in Berlin, pointing models for the SingleCCD have been derived in order to study the resulting precision and the time evolution of the model parameters. The input data for the calculation of pointing models were obtained in clear nights where the MST tracked about 100 sky positions at elevations greater than 45 • . The observations were conducted in a robotic fashion and took several hours since 2.5 min were needed to slew to a new position and to track it while the SingleCCD was read out. The exposure of the SingleCCD was set to 20 s; the resulting images were stored in FITS format along with the time evolution of the azimuth and elevation targeted by the drive system (az D , el D ). All measurements were conducted in direction of either continuously increasing or decreasing elevation to test for hysteresis effects.
The images were solved using the astrometry.net software to find the equatorial coordinate of the center of the SingleCCD FoV; the 90% of the images for which a good-quality solution (cf. Sect. 4) could be found were then used to derive a pointing model. To this end, the time t 0 corresponding to the centre of the exposure interval was estimated and used to derive the coordinate targeted by the drive system (az D (t 0 ),el D (t 0 )). In a similar way, the found equatorial coordinate was converted to obtain the azimuth and elevation (az C (t 0 ), el C (t 0 )) that corresponded to the center of the FoV of the SingleCCD at time t 0 . A pointing model is defined by describing the difference in elevation and azimuth,
by suitable functions f 1 and f 2 that depend on a vector of adjustable parameters ( q). The best parameter values were found by minimizing the angular distance between the predicted and the measured az D and el D positions over all images recorded in one night. The employed pointing model had 11 parameters, the most basic ones being constant offsets in azimuth and elevation along with tilts of the azimuth axis in the East-West (Θ EW ) and the NorthSouth (Θ NS ) direction, respectively. Figure 3 (left) shows the time evolution of the 11 parameters over a period of 2.5 months. It is evident that the parameter values are fairly stable; it was also found that the SingleCCD shows no sagging with elevation and that the values of the tilt parameters (Θ EW and Θ NS ) agree with values derived for a SkyCCD that exclusively observes stars in the sky. Figure 3 also presents the residuals between model and prediction in elevation (middle) and azimuth (right). Both distribution are centred at zero, demonstrating that model describes the data on average. The width of the two distributions is, however, at the level of 20 . This implies that the current per-axis error exceeds the MST pointing precision that is aimed for. It is currently under study in how far the broadening of the residuals is due to environmental effects (e.g. the enhanced night-sky background levels in Berlin Adlershof), the telescope structure and drives (e.g. vibrations and tracking deviations), the SingleCCD hardware, or the analysis procedure (e.g. the determination of equatorial coordinates by the astrometry.net software).
Conclusion
Results from one year of testing at the MST prototype show that the SingleCCD pointing solution can be used for calibrations and to derive pointing models. The residuals of the calculated pointing models imply that the desired precision is not yet fully reached. Detailed studies give a hint that the algorithm of the used astrometry.net WCS fit routine might be one reason for this imprecision but environmental influences e.g. from the high night sky background in Berlin can not be ruled out yet. Further tests are still needed to improve the method and to show that it can be applied in the final state for the MSTs in CTA.
